BN rats. However, the expression of the BK-␣ and -␤-subunit proteins in cerebral vessels as determined by Western blot is similar between the two groups. Middle cerebral arteries (MCAs) isolated from FHH rats exhibited an impaired MR, and administration of IBTX restored this response. These results indicate that there is a gene on RNO1 that impairs MR in the MCAs of FHH rats by enhancing BK channel activity. cerebral blood flow; cerebral vascular disease; genes AUTOREGULATION OF CEREBRAL blood flow (CBF) is a vital homeostatic mechanism that protects the brain from alterations in systemic pressure (37, 45) . The myogenic response contributes to the autoregulation of CBF following elevations in arterial pressure. It is impaired following ischemic and hemorrhagic stroke or traumatic brain injury, and the autoregulatory range is shifted to higher pressures in hypertension (19, 20, 37, 45) . The myogenic response is an intrinsic property of vascular smooth muscle cells (VSMCs) that initiates contraction of arterioles in response to elevations in transmural pressure (15). The subsequent rise in intracellular Ca 2ϩ and membrane depolarization, however, activates a cluster of large conductance Ca 2ϩ -activated potassium (BK) channels to form spontaneous transient outward K ϩ currents (STOCs) (5, 25). Generation of these STOCs hyperpolarizes the membrane and limits calcium entry through voltage-gated calcium channels (VGCC), thereby attenuating the vasoconstrictor response (15). The interplay between STOCs, changes in the levels of intracellular Ca 2ϩ (calcium sparks), and activation of the BK channel modulates the myogenic response (15). BK channels are composed of ␣-and ␤-subunits, in which the ␣-subunits form K ϩ -selective pore, whereas ␤-subunits regulate calcium and voltage sensitivity of the channel (34). Changes in the expression of BK channel subunits have been previously suggested to play a critical role in altering the myogenic response in a number of physiological and pathological conditions (1, 9, 16, 21).
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The Fawn Hooded Hypertensive (FHH) rat is a genetic model of renal disease that develops systolic hypertension and end-stage renal disease (28, 42) . Previous studies from our laboratory have reported that the myogenic response of the renal afferent arteriole and autoregulation of renal blood flow (RBF) are impaired in FHH rats and substitution of a region of chromosome 1 (RNO1) from Brown Norway (BN) to FHH rats restores renal autoregulation and opposes the development of renal injury in FHH.1 BN congenic strains (8, 32) . More recently, we have reported that the impaired myogenic response in FHH rats is not restricted to the renal circulation, but the myogenic response of the middle cerebral artery (MCA) is also impaired (35) . The mechanism of the impaired myogenic response in the cerebral circulation of FHH rats remains to be determined. Given the importance of K ϩ channels in modulating myogenic tone, the present study examined whether K ϩ channel activity is altered in cerebral arteries of FHH rats relative to that seen in a closely related FHH.1 BN congenic strain in which the myogenic response and autoregulation of CBF is restored.
METHODS
Experiments were performed on 72 9-to 12-wk-old male FHH rats and FHH.1 BN congenic strain that were obtained from inbred colonies maintained at the University of Mississippi Medical Center (UMMC). Nine-to twelve-week-old Sprague Dawley (SD) rats were purchased from Charles River Laboratory (Wilmington, MA). A genetic map comparing the region of BN RNO1 introgressed into the FHH.1 BN congenic strain is presented in Fig. 1 . The congenic strain has a 2.4 megabase pair (Mbp) region of BN RNO1 between markers D1Rat09 and D1Rat225 introgressed into FHH rat genetic background. Trans-fer of this region containing 15 genes has been reported to restore autoregulation of renal and cerebral blood flow (8, 35) . The rats were housed in the Animal Care Facility at UMMC, which is approved by the American Association for the Accreditation of Laboratory Animal Care. They had free access to food and water throughout the study. All protocols were approved by the Animal Care and Use Committee of UMMC. The rats were maintained on a rodent diet purchased from LabDiet (PMI Nutrition International, Brentwood, MO) containing 0.28% NaCl.
Protocol 1: Patch-Clamp Experiments
Isolation of cerebral VSMCs. The rats were euthanized using 4% isoflurane. The MCAs were microdissected and digested in a dissociation solution containing (in mM) 145 NaCl, 4 KCl, 1 MgCl 2, 10 HEPES, 0.05 CaCl2, and 10 glucose (pH 7.4). The vessels were spun down at 1,000 rpm for 5 min and incubated in the dissociation solution containing papain (22.5 units/ml; Sigma, St. Louis, MO) and dithiothreitol (1 mg/ml) for 12 min at 37°C. The vessels were spun down again at 1,000 rpm for 5 min and resuspended in fresh dissociation solution containing collagenase (250 units/ml; Sigma), soybean trypsin inhibitor (10,000 units/ml), and elastase (2.4 units/ml). The vessels were incubated for 15 min at 37°C. Single cells were released from the vessels by gentle pipetting of the digested tissue. The VSMCs released into the media were collected by centrifugation, and the pellet was resuspended in fresh dissociation solution and maintained at 4°C until use in an experiment. All of the patch-clamp experiments were completed within 4 h after the isolation of the cells.
Whole cell patch-clamp experiments. These experiments were performed on VSMCs freshly isolated from cerebral arterioles obtained from FHH and the FHH.1 BN congenic strain. K ϩ channel currents and STOCs were recorded from VSMCs using a whole cell patch-clamp mode at room temperature. The bath solution contained (in mM) 130 NaCl, 5 KCl, 1.8 CaCl 2, 1 MgCl2, 10 HEPES, and 10 glucose (pH 7.2). The pipettes were filled with a solution containing 130 K gluconate, 30 KCl, 10 NaCl, 1 MgCl 2, and 10 HEPES (pH 7.4). The concentrations of EGTA and Ca 2ϩ in the pipette solution were adjusted to obtain cytosolic free Ca 2ϩ concentrations of 100, 300, and 1,000 nM as determined using WinMAXC software written by C. Patton, Stanford University Pacific Grove, California (http://www. stanford.edu/ϳcpatton/maxc.html). The pipettes were pulled from 1.5-mm borosilicate glass capillaries using a two-stage micropipette puller (model P-97; Sutter Instrument, San Rafael, CA) and heatpolished using a microforge. The pipettes had tip resistances of 2-8 M⍀. After the tip of a pipette was positioned on a cell, a 5-20 G⍀ seal was formed and the membrane ruptured by gentle suction using a glass syringe. An Axopatch 200B amplifier (Axon Instruments, Foster City, CA) was used to clamp the pipette potential and to record whole cell currents. The amplifier output signal was filtered at 2 kHz using an eight-pole Bessel filter. The currents were acquired using p-CLAMP software (version 10; Axon Instruments) at a rate of 10 kHz and stored on the hard disk of a computer for offline analysis. Data analysis was performed using Clampfit software (version 10.0; Axon Instruments). Outward membrane K ϩ currents were elicited by a series of 20-mV voltage steps (from Ϫ60 to ϩ120 mV) from a holding potential of Ϫ40 mV. Peak current amplitudes were determined from the average of 5-10 trials. Membrane capacitance, in pico farads (pF), was determined from the average of 30 currents measured in response to a 5-mV pulse. Peak currents (in pA) were expressed as current density (pA/pF) to normalize for differences in the size of the VSMCs. Iberiotoxin (IBTX; 100 nM) and 4-aminopyridine (4-AP; 1 mM)-sensitive K ϩ channel currents were dissected from the total current after administration of IBTX or IBTX ϩ 4-AP to the bath solution. STOCs were determined by counting the number of events recorded over a 5-min interval greater than a current threshold set at 2.5 times the single BK channel current amplitude for a particular holding potential. The frequency and mean amplitude of the STOCs were determined offline using Clampfit (version 10.0; Axon Instruments) and Origin Pro 9 software (OriginLab, Northampton, MA).
Protocol 2: Inside-Out Single Channel Patch-Clamp Experiments.
Single BK channel currents were recorded from VSMCs using inside-out patch-clamp mode at room temperature. The bath solution contained (in mM) 145 KCl, 1.1 MgCl2, 10 HEPES, and 10 glucose (pH 7.2). The pipettes were filled with a solution containing (in mM) 145 KCl, 1.8 CaCl2, 1.1 MgCl2, and 5 HEPES (pH 7.4). The free cytosolic Ca 2ϩ concentration in the bath solution was adjusted to 100 or 1,000 nM by varying the ratio of Ca 2ϩ and EGTA as determined using WinMAXC software (C. Patton, Stanford University Pacific Grove, California, USA; http://www.stanford.edu/ϳcpatton/maxc. html). The pipettes had a tip resistance of 8 -10 M⍀. After the tip of a pipette was positioned on a cell, a gigaohm seal (5-20 G⍀) was formed by applying light suction and inside-out patch configuration was achieved by excising the membrane patch with a sudden upward movement of the pipette. An Axopatch 200B amplifier (Axon Instruments, Foster City, CA) was used to clamp pipette potential and record single-channel currents. Data acquisition and analysis were performed using p-CLAMP and Clampfit software (version 10; Axon Instruments). Open-state probability (NPo) for single-channel cur- Single channel BK currents were recorded using the inside-out patch-clamp technique using a [Ca 2ϩ ]i of 100, 300, and 1,000 nM, and mean single channel current amplitude was determined. Chord conductance was determined from the slope of the relationship between NP o and membrane patch potential. NPo/NPo max was calculated from 2-to 5-min recordings obtained at membrane potentials (20-mV steps) between Ϫ60 and ϩ80 mV. NPo/NPo max values were fit to the Boltzmann function using the following equation:
where N is the number of channels in the patch, Po is the single-channel open-state probability, and V1/2 is the voltage for half-maximal activation and K is the slope factor.
Protocol 4: Myogenic Response of Isolated MCAs.
These experiments were performed on MCAs isolated from 9-to 12-wk-old FHH and FHH.1 BN rats that were euthanized with 4% isoflurane. These vessels were distinct from those used to isolate the VSMCs for the patch-clamp experiments. The brain was removed and placed in ice-cold physiologic salt solution (PSS) containing (in mM) 145 NaCl, 4 KCl, 1 MgCl 2, 10 HEPES, 0.05 CaCl2, and 10 glucose (pH 7.4). The inner diameters of these vessels ranged from 100 to 140 m. The vessels were mounted on glass micropipettes, pressurized to 40 mmHg at 37°C, and bathed in a physiological salt solution (PSS) containing (in mM) 119 NaCl, 4.7 KCl, 1.17 MgSO 4, 1.8 CaCl2, 18 NaHCO3, 5 HEPES, 1.18 NaH2PO4, and 10 glucose (pH 7.4). Calcium-free PSS was prepared by replacing CaCl2 with an equimolar concentration of MgCl2 and the addition of 2 mM EGTA. The inflow pipette was connected to a reservoir to allow for control of intraluminal pressure that was monitored with a transducer (Cobe, Lakewood, CO). The cannulated MCAs were visualized using a videomicroscopy system consisting of a charge-coupled device camera and a stereomicroscope (model DRC; Zeiss, Oberkochen, Germany). The inner diameter of the vessels was measured using a videomicrometer (VIA-100; Boeckeler Instruments, Tucson, AZ). Magnification on the screen was ϳ180ϫ, and the measurement system was calibrated with a micrometer scale to a diameter within Ϯ 2.0 m. The bath solution was equilibrated with O 2 (95%) and CO2 (5%) to provide adequate oxygenation and to maintain pH at 7.4. After mounting, the vessels were allowed to equilibrate for 60 min. They were then preconditioned three times by raising the intraluminal pressure from 40 to 140 mmHg for 5 min at 10-min intervals. After preconditioning, the inner diameter of the vessels was measured at intraluminal pressures from 40 to 140 mmHg in steps of 20 mmHg in the presence and absence of 100 nM IBTX. After the pressure-diameter relationships were determined, the bath solution was replaced with Ca 2ϩ -free PSS and the passive pressure-diameter relationship was determined. The percent myogenic tone was calculated from the difference in diameter measured in Ca 2ϩ -Free PSS and PSS divided by the diameter measured in Ca 2ϩ -free PSS times 100.
Protocol 5: Comparison of the Expression of BK Channel Protein in FHH and FHH.1 BN Rats
FHH and FHH.1 BN rats (FHH, 233 Ϯ 55 g; FHH.1 BN , 287 Ϯ 43 g; n ϭ 8 each) were euthanized with isoflurane and the MCAs from the brain were harvested and pooled together in ice-cold phosphate buffered saline (in mM) 100 NaH 2PO4, 150 NaCl (pH 7.2). The vessels were spun down (500 g, 4°C, 2 min) and resuspended in 1 ml of a RIPA buffer containing (in mM) 25 Tris·HCl (pH 7.6), 150 NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS. The vessels were homogenized using a ground glass homogenizer, centrifuged at 10,000 g for 2 min, and the supernatant was collected.
The protein concentrations of the samples were determined using the Bradford protein assay (Bio-Rad). Aliquots of the samples (40 g) were dissolved in a Laemmli Sample buffer containing 60 mM Tris·HCl, 2% SDS, 20% glycerol, 5% ␤-mercaptoethanol, and 0.01% bromophenol blue (pH 6.8), and the proteins were separated on a 4 -15% Mini-PROTEAN TGX Gel (Bio-Rad). After transfer, the membrane was blocked with TBS-T buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween, and a 5% blocking powder (Bio-Rad) at 4°C for 1 h. The blot was probed with primary antibody against BK ␣-and ␤-subunit [1:500 and 1:200, respectively; polyclonal rabbit Anti-K Ca1.1, to amino acids 1184 -1200 and Anti-slo␤1 (KCNMB1); Alomone Labs, Jerusalem, Israel] overnight at 4°C. After the membrane was washed, it was incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (1:5,000; Santa Cruz Biotechnology) at 4°C for 1 h. The blot was subsequently probed with ␤-actin primary antibody (1:5,000; monoclonal mouse; Alomone Labs) for 2 h, followed by HRP-conjugated goat anti-mouse secondary antibody (1:10,000; Santa Cruz Biotechnology) at 4°C for 1 h. Specific binding was visualized by chemiluminescence (Immun-Star WesternC Kit; Bio-Rad) using a ChemiDoc XRS imager (Bio-Rad Life Science Research, Hercules, CA). The intensities of the bands corresponding to each protein were quantified using ImageLab software (Bio-Rad). The relative intensity for each band was normalized to the intensity of the ␤-actin staining.
Statistical Analysis
Mean values Ϯ SE are presented. The significance of differences in mean values between groups was determined by paired or unpaired t-test or by a repeated-measure ANOVA followed by a Holm-Sidak test for preplanned comparisons.
RESULTS

FHH Rats Exhibit Increased Whole Cell Outward Currents Compared With FHH.1 BN Rats
A representative tracing of whole cell outward currents recorded from VSMCs isolated from the MCAs of FHH, FHH.1 BN , and SD rats are presented in Fig. 2A . Outward currents were elicited by a series of voltage steps (from Ϫ60 to ϩ120 mV) from a holding potential of Ϫ40 mV ( Fig. 2A, inset  protocol) . The cell capacitance was not significantly different between the groups and averaged ϳ14 pF. Outward currents were 6.2-fold higher in VSMCs isolated from FHH rats than in those isolated from the FHH.1 BN congenic strain or SD rats at a cytosolic calcium concentration of 1 M (Fig. 2B ). As summarized in Fig. 2C , peak current densities recorded from VSMCs at ϩ80 mV were significantly higher in FHH rats as compared with FHH.1 BN and SD rats at either 0.1 or 1 M free cytosolic calcium concentrations.
BK, but not Voltage
-Gated K Ϯ Channel (K v ) Current,
is Increased in FHH Rats as Compared With FHH.1 BN Rats
To determine the type of K ϩ channel contributing to the elevated whole cell outward K ϩ channel current in VSMCs isolated from FHH rats, we first examined the effects of the BK channel specific antagonist iberiotoxin (IBTX; 100 nM). To further determine the potential contribution of voltage-gated K ϩ channels (K v ) to the elevated current, we also studied the effects of the K v channel inhibitor 4-aminopyridine (4-AP; 1 mM) along with IBTX. The total K ϩ channel current densities were plotted over a range of membrane potentials before and after application of these K ϩ channel inhibitors (Fig. 3) . Administration of IBTX alone reduced outward K ϩ current by 90% in FHH rats, whereas it only reduced K ϩ current by 63% in the FHH.1 BN congenic strain ( Fig. 3 ) (FHH at ϩ100 mV; pre-IBTX, 220 Ϯ 34, after IBTX, 23 Ϯ 3.9 pA/pF, n ϭ 9; P Ͻ 0.05) (FHH.1 BN ; ϩ40 mV; pre-IBTX 40 Ϯ 12 pA/pF and after IBTX 15 Ϯ 3.7 pA/pF; n ϭ 8). Subsequent addition of 4-AP in the presence of IBTX reduced the residual peak outward K ϩ current by an additional 43%, and the magnitude of this response was similar in the VSMCs isolated from FHH rats and the FHH.1 BN congenic strain ( Fig. 3C and D) . Addition of 4-AP alone decreased K ϩ channel currents by a similar amount in FHH and FHH.1 BN rats (data not shown).
FHH Rats Exhibit Increased Outward K Ϯ Channel Open State Probability
The increased outward K ϩ current in FHH rats could result from an increase in the single channel activity and/or an increase in the expression of the number of channels in the membrane patch. (Fig. 4, B-D The observed increase in BK channel activity in FHH rats could be due to an increase in Ca 2ϩ or voltage sensitivity of the channel. To address this issue, the NP o was normalized to the maximal NP o obtained from each patch and plotted as a function of membrane potential. The data were then fit to the Boltzmann equation (Fig. 6A) . The steepness of the curve is greater in VSMCs isolated from FHH rats (slope factor; 6.4 Ϯ 0.5) than in those isolated from the FHH.1 BN congenic strain (slope factor; 14 Ϯ 1; P Ͻ 0.05). The, half-maximal activation (V 1/2 ) is shifted to hyperpolarized potentials in FHH rats (Ϫ25 Ϯ 3.5 mV; n ϭ 8) as compared with those observed in the FHH.1 BN congenic strain (ϩ17 Ϯ 2.6 mV; n ϭ 8 (Fig. 6B) .
FHH Rats Exhibit Elevated Frequency and Amplitude of STOCs
Because BK channels are activated by calcium sparks to generate STOCs (5, 25) , experiments were performed to compare the frequency and amplitude of STOCs recorded from VSMCs isolated from the MCAs of FHH and FHH.1 BN rats. The results of these experiments are summarized in Fig. 7 . The mean amplitude and frequency of the STOCs recorded from VSMCs isolated from FHH rats are significantly greater than those observed in the FHH.1 BN congenic strain at membrane potentials of Ϫ40 and ϩ20 mV (n ϭ 9 and 10 cells, respectively). The differences in the characteristics of STOCs were not a function of differences in cell size as the cell capacitance was not significantly different and averaged ϳ11.5 Ϯ 0.8 pF in both the FHH rats and the FHH.1 BN congenic strain. presented in Fig. 8 . The BK␣ and ␤-subunits were detected using Anti-K Ca 1.1 (amino acids 1184 -1200) and anti-slo␤1 (KCNMB1) antibodies at the expected size of ϳ100 and 25 KD in MCAs isolated from both FHH and FHH.1 BN rats (n ϭ 8 rats per strain). These results presented in Figure 8B indicate that the expression of the BK␣ and ␤-subunits is similar in the MCAs of FHH rats and the FHH.1 BN congenic strain.
Cerebral Vessels Isolated from FHH and FHH.1 BN Rats Have Similar Expression of BK-␣ and BK-␤-subunit Proteins
MCAs Isolated from FHH Rats Exhibit Restored Myogenic Response After Application of IBTX
Experiments were also performed to determine the contribution of elevated BK channel activity to the impaired myogenic response of the MCAs of FHH rats. The results of these experiments are presented in Fig. 9 . MCAs isolated from FHH rats did not exhibit a myogenic response, and the diameter of these vessels increased significantly when transmural pressure was increased from 40 to 140 mmHg. In contrast, the diameter of MCAs isolated from the FHH.1 BN congenic strain decreased significantly when transmural pressure was elevated over the same range. Blockade of BK channels with IBTX (100 nM) restored the myogenic response of the MCAs isolated from FHH rats but it had no significant effect on the response of the MCAs isolated from the FHH.1 BN congenic strain. The percent active tone calculated at a transmural pressure of 120 mmHg in MCAs is presented in Fig. 9B . The degree of active tone in the MCAs was markedly reduced in FHH rats relative to the levels seen in the FHH.1 BN congenic strain. Addition of IBTX restored the generation of active tone in the MCAs of FHH rats but it had no significant effect on the tone in FHH.1 BN rats.
DISCUSSION
Previous studies have indicated that the myogenic response in cerebral arteries is impaired in FHH rats but the mechanism involved is unknown (35) . The present study compared BK channel function in VSMCs isolated from the MCAs of FHH rats and a closely related FHH.1 BN congenic strain in which autoregulation of CBF is restored. The results indicate that K ϩ channel activity is markedly elevated in VSMCs isolated from the MCAs of the FHH rats relative to that seen in FHH.1 BN congenic strain. Moreover, this was associated with an elevation in IBTX-sensitive BK channel current and increased frequency and amplitude of STOCs. The increase in BK channel current in FHH rats is due to a marked increase in the open probability of the BK channel, which is partially due to an increase in the voltage sensitivity of this channel. Inhibition of BK channel activity with IBTX restored the myogenic response of the MCAs of FHH rats but it had no significant effect on the myogenic response in the MCAs of FHH.1 BN rats. These results indicate that there is a gene or genes in the 2.4 Mbp introgressed region of RNO1 that can restore the myogenic response of the MCA by affecting BK channel function in FHH rats. 
Role of BK Channel in the Vascular Myogenic Response of FHH Rats
The low open probability of the BK channel in VSMCs isolated from MCA of FHH.1 BN rats studied at a resting membrane potential of Ϫ40 mV and with a physiological level of cytosolic calcium is consistent with previous reports that the BK channel has little effect on the resting membrane potential under basal conditions (33) . Indeed, administration of IBTX had little effect on the myogenic response or the generation of active vascular tone in MCAs isolated from the FHH.1 BN congenic strain. However, when BK channel activity is increased by elevations in [Ca 2ϩ ] i in response to elevations in transmural pressure or vasoconstrictor agonists, the BK channel has a large influence on the membrane potential due to its large single channel conductance (ϳ200 pS). As such, administration of the BK channel blocker IBTX markedly reduced the elevated BK channel activity in FHH rats and restored the myogenic response of the MCA of FHH rats (Fig. 9 ). However, it had very little effect on the diameter of the MCAs of FHH.1 BN rats. This later finding is not consistent with the results of previous studies indicating that the BK channel contributes to the maintenance of basal vascular tone shown in MCAs isolated from dogs and SD rats (2, 23) . However, it is consistent with the results of other studies suggesting that blockade of the BK channel has little effect on basal vascular tone in renal, cremaster, or cerebral arterioles (24, 33, 36) . Although the mechanism underlying the differences in response remains to be determined, it is likely that there are strain differences in the surface expression and activity of the BK channel, especially in vessels obtained from different vascular beds.
Previous studies have indicated that activation of BK channels in VSMCs by calcium sparks generates STOCs that play an important role in buffering vasoconstriction (5, 25) . The present study indicates that amplitude and frequency of STOCs is markedly elevated in VSMCs isolated from FHH rats as compared with that seen in the FHH.1 BN congenic strain (Fig.  7) . These results are consistent with the increase in BK channel activity seen in the VSMCs isolated from FHH rats. The increase in STOCs in FHH rats would be expected to hyperpolarize the membrane potential and oppose opening of VGCC. The calcium that is released from SR via RyR's typically generates calcium sparks. Refilling of SR calcium stores is dependent in part on Ca 2ϩ influx through VGCC (47) . Thus these data suggest that other nonvoltage gated Ca 2ϩ pathways in VSMCs isolated from FHH rats can maintain elevated STOC activity even with diminished VGCC activity.
The results of the present study indicate that an elevation in BK channel activity largely accounts for the elevated K ϩ channel current in FHH rats, since there was a significant difference in K ϩ channel current after administration of IBTX in VSMCs isolated from FHH rats compared with FHH.1 BN rats. Moreover, 4-AP has a similar effect to reduce K ϩ channel current in both FHH and FHH.1 BN rats (Fig. 3) . On the other hand, IBTX did not restore the magnitude of the myogenic response in FHH to the same level as seen in FHH.1 BN rats (Fig. 9) . This finding suggests that although elevated BK channel activity is largely responsible for the impaired myogenic response in FHH rats, changes in the expression or activity of other ion-channels may also be involved. In this regard, previous studies have indicated that inward-rectifying K ϩ channels (K ir ) and glibenclamide-sensitive K ϩ channels contribute to the regulation of membrane potential and vascular tone in a variety of vessels (12, 46) . Other studies have suggested that the initiation of the myogenic response involves activation of stretch-activated cation channels, possibly TRPM4 and TRPC6 channels, via a PKC-dependent pathway (6, 17, 18) . Thus further studies are needed to delineate the potential additional role of TRP, K ir , or K ATP channels in the impaired myogenic response in the FHH rats.
Another question raised from the results of the present study is whether change in the gating properties of BK channels in FHH rats is due to changes in the subunit expression. BK channels are formed by the ␣-and ␤ 1 -subunits. The four ␣-subunits form the basic channel pore, which in the absence of accessory ␤-subunits still acts as a voltage-and Ca 2ϩ -dependent K ϩ channel, the ␤ 1 -subunit confers additional voltage and Ca 2ϩ sensitivity (14) . We noticed 10-fold increase (ϩ40 mV) in single BK channel function in FHH rats, which was associated with an increase in the voltage sensitivity of the channel (Fig. 6A) . The increase in the voltage sensitivity of BK channel could have been secondary to changes in the expression of the ␣-or ␤ 1 -subunits. However, the results of the present study indicate that the expression of the ␣-or ␤-subunits of the BK channel is not significantly different at the whole tissue level in the cerebral vessels isolated from FHH rats relative to the FHH.1 BN congenic strain (Fig. 8) . However, this finding does not exclude the possibility that the gene or pathway involved might alter the trafficking of the BK channel.
Mechanisms Involved in Enhanced BK Channel Function in FHH Rats
The precise mechanism underlying the observed increase in BK channel function in cerebral vasculature of the FHH rat remains to be determined. An increase in BK channel current density could be due to increase in the surface expression of BK channel protein. Liu et al. (30, 31) have shown that surface expression of BK was increased in pial cerebral arteries and aorta from SHR rats compared with those from WKY rats, but the activation parameters of voltage and calcium sensitivity of BK were not different between the two strains. A second possibility is that the increase in the current density could be due to a decrease in the phosphorylation of the BK ␣-subunit already resident in the surface membrane by PKC or enhanced dephosphorylation by PP1 (22, 51) . Both these proteins are intimately associated with BK-␣ (51). PKC phosphorylation of BK-␣ causes reversible silencing (unconditional inhibition) and decreased activation of the BK channel at all membrane voltages and calcium concentrations. Thus a decrease in the phosphorylation of the channel via a PKC-dependent pathway could potentially increase BK channel activity as well as permitting PKA/PKG protein kinase to phosphorylate and enhance activation of the channel (22, 51) . A third possibility is that an increase in the voltage sensitivity of BK channel in VSMCs isolated from the MCAs of FHH rats versus the FHH.1 BN congenic strain is consistent with enhanced phosphorylation of the BK-␣-subunits by PKA/PKG in FHH (22, 29, 36, 39, 51) or increased ratio of the expression of the BK ␤ 1 -subunit relative to the BK ␣-subunit (43, 48 -50). Both PKA/PKG phosphorylation of the BK ␣-subunit and increased ratio of BK ␤1:␣ shift the voltage activation curve of the BK channel to the left and this would be expected to diminish the myogenic response (7, 38, 48, 49) . Fourth, disruption of actin cytoskeleton and its components could alter membrane trafficking of ion-channels and other signal transduction proteins (10, 26) . Likewise, BK channels could be trafficked to the membrane through its actin-binding domain that connects to actin cytoskeleton (52) and thus any changes in the actin cytoskeletal network might alter the number of channels expressed in the membrane. The fact that FHH rats and the congenic FHH.1 BN strain differ genetically by only a 2.4 Mbp consisting of 15 genes on RNO1 suggests that the difference in the myogenic response and BK channel activity must be due to a difference in the expression or activity of one or more of the genes in this region. The genes encoding for BK-␣-subunit (MCNMa1) and BK-␤ (MCNMb1) reside on RNO15 and 10 and are not found in this region. As discussed by Burke et al. and Pabbidi et al. (8, 35) , two genes in this region, Mxi1 (decreased) and Rbm20 (increased), are differentially expressed in the renal vasculature of FHH rats relative to the FHH.1 BN congenic strain. However, these genes do not have any known influence on BK channel function or vascular tone. Three other genes in the region, Add3, Shoc2, and Rbm20, have sequence variants in the coding region in FHH rats that are predicted to alter amino acids structure of their respective proteins. Of these genes, Shoc2 is a positive regulator of the ERK pathway by acting as a scaffolding protein (27, 41) , and the adducin family of gene products interact with F-actin/spectrin cytoskeleton (3). One could speculate that changes in the function of these genes might alter membrane trafficking or the activity of the BK channel by an unknown mechanism. However, it remains to be determined whether the sequence variants found in these genes actually alter the function of these genes or have any impact on BK channel function or vascular tone in FHH rats.
Perspectives
Hypertension is the major risk factor of stroke and it is not adequately controlled in more than 40% of the patients (13, 44) . The causative factors and the altered signaling pathways that lead to stroke in these patients are not known. The present study provides evidence that impaired myogenic response in FHH rats is due to elevated BK channel function and increased STOCs. Our results also suggest a possible presence of altered gene(s) that lies in the 2.4 Mbp region between markers D1Rat09 and D1Rat225 in FHH rats that enhances BK channel function and contributes to the impaired myogenic response in FHH rats. We have previously reported (35) that loss of the myogenic response increases the magnitude and duration of hyperemia and increases infarct size following transient occlusion of the MCA. It should also increase transmission of pressure to the pial vessels and capillaries in the brain leading to vascular leakage following increases in arterial pressure. Long-term increase in transmission of pressure should cause vascular rarefaction and remodeling of the small vessels and increase the susceptibility to ischemic stroke and perhaps contribute to the vascular cognitive impairment in hypertension. Because BK channel activity is regulated by cGMP, BN rat VSMCs held at ϩ20 mV. B: comparison of the amplitude and frequency of STOCs at Ϫ40 and ϩ20 mV membrane potentials in VSMCs isolated from FHH rats (n ϭ 9) and FHH.1 BN congenic rats (n ϭ 10). *Significant difference from the corresponding value presented in FHH rats. Vh indicates holding voltage. PKG, and PKC, which are the most common downstream mediators of vasoactive stimuli (4, 11, 40) , FHH rats would also be predicted to exhibit altered cerebrovascular responses to various vasoactive stimuli that are important in the metabolic regulation of CBF and functional hyperemia.
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